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Abstract  22 
Copper (Cu) in an essential trace metal but it can also contaminate coastal waters at high 23 
concentrations mainly from agricultural run-off and mining activities which are detrimental 24 
to marine organisms including seagrasses. The molecular mechanisms driving Cu toxicity in 25 
*Manuscript (clean - no tracked changes)




































































seagrasses are not clearly understood yet. Here, we investigate the molecular responses of the 26 
Australian seagrass, Z. muelleri at the whole transcriptomic level after 7 days of exposure to 27 
250 μg Cu L-1 and 500 μg Cu L-1. The leaf-specific whole transcriptome results showed a 28 
concentration-dependent disturbance in chloroplast function, regulatory stress responses and 29 
defence mechanisms. 30 
This study provided new insights into the responses of seagrasses to trace metal stress and 31 
reports possible candidate genes which can be considered as biomarkers to improve 32 
conservation and management of seagrass meadows. 33 
 34 
1. Introduction   35 
Globally, coastal habitats are increasingly affected by a wide range of anthropogenic 36 
discharges which often contain high levels of trace metals (Cambridge & McComb 1984; 37 
Waycott et al. 2009; Leng et al. 2015). Once introduced to the marine environment, they are 38 
taken up by seagrasses via roots and shoots (Howley et al. 2006). Consequently, as a food 39 
source for many marine organisms, seagrasses represent a trophic pathway for the 40 
distribution of trace metals into the marine food chain (Ward 1987; Kalay, Ay & Canli 1999; 41 
Campanella et al. 2001; McGeer et al. 2004; Navratil & Minarik 2005). Trace metals are not 42 
only detrimental to the health of fishes, dugongs, turtles and marine invertebrates that feed on 43 
contaminated seagrass tissues, but also to human health as the trace metals subsequently find 44 
their way into our foods through contaminated seafood (Basha & Rani 2003; Canli & Atli 45 
2003; Wang et al. 2005). 46 
In particular, agricultural run-off and acid mine drainage often contain high concentrations of 47 
Cu (Tokar et al. 2013). Under normal conditions, Cu is vital for the function of many key 48 
enzymes and proteins including superoxide dismutase and plastocyanin (Katoh 1977; Barón, 49 




































































Nagajyoti, Lee & Sreekanth 2010; World Health Organization 2011). However, high 51 
concentrations of Cu in the environment can cause deleterious effects to living organisms 52 
including seagrasses at both physiological and molecular levels (Barón, Arellano & Gorgé 53 
1995; Gupta & Gupta 1998; Theophanides & Anastassopoulou 2002; Yruela 2005; Stern 54 
2010). More specifically, the alteration of the function of transporters and ion channels as a 55 
result of excess level of Cu can cause intra-cellular redox imbalances (Cambrollé et al. 2013; 56 
Tiecher et al. 2017) as well as cellular damage via the over-production of reactive oxygen 57 
species (Girotto et al. 2013; Tiecher et al. 2017). 58 
Zostera muelleri is a fast growing species of seagrasses in the family of Zosteraceae found 59 
predominantly in coastal regions of Eastern and Southern Australia (den Hartog 1970; 60 
Kenworthy et al. 2006; Wissler et al. 2011; Davey 2017). The destructive effects of hyper-61 
accumulation of Cu in the family of Zosteraceae, have been reported previously as 62 
irreversible suppression in photosynthesis efficiency (Prange & Dennison 2000; Macinnis-Ng 63 
& Ralph 2002, 2004b; Buapet et al. 2019) and over production of reactive oxygen species 64 
(ROS) (Greco et al. 2019; Buapet et al. 2019). In higher plants, regulatory scavenging 65 
mechanisms for the detoxification of Cu include chelation (Sancenón et al. 2003; Yruela 66 
2009), alteration to less toxic ionic form (Gill & Tuteja 2010; Thounaojam et al. 2012) and 67 
sequestration into vacuoles (Himelblau & Amasino 2000). However, less in known about 68 
the toxicity responses of seagrasses to Cu stress. 69 
Transcriptomic profiling can be useful to better understand the toxicology response of 70 
seagrasses to a range of environmental stress factors. Recent reports of complete genomes of 71 
Z. muelleri and Z. marina (Lee et al. 2016; Olsen et al. 2016) have opened new avenues to 72 
deepen our understanding about the molecular basis of stress responses in the family of 73 
Zosteraceae (Franssen et al. 2011 and 2014; Kong et al. 2014; Pernice et al. 2015; Schliep et 74 




































































al. 2017; Lin et al. 2018). However, with few exceptions (Davey et al. 2017; Procaccini et al. 76 
2017; Ruocco et al. 2017; Lin et al. 2018), most of the differential gene expression studies so 77 
far are limited to few targeted genes and do not investigate the effect of certain stress factors 78 
at the whole transcriptome level. In addition, none of these studies have investigated the 79 
molecular responses of Z. muelleri to Cu stress. 80 
According to the Australian trace metal field measurement study in South coast of New South 81 
Wales (2018), Cu is measured between 0.01  ̶  0.08 μg/L in water (McVay et al. 2018). 82 
However, the Cu toxicity level in the family of Zosteraceae, that negatively affects the 83 
physiology state of the plant was previously reported to be higher and within the range of 0.1  84 
̶  10 mg Cu L -1 (Clijsters & Assche 1985; Macinnis et al. 2002; Prange & Dennison 2000; 85 
Ralph & Burchett 1998b). Additionally, the physiological response of Z. muelleri under 250 86 
and 500 μg Cu L-1 (corresponding to 3.9 and 7.8 μM, respectively) has been recently studied 87 
after 1, 3 and 7 days showing a concentration and time-dependent decline in effective 88 
quantum yield (ɸPSII) and maximum quantum yield (Fv/Fm) parameters (Buapet et al. 2019). 89 
In the same study, a RT-PCR investigation illustrated an elevation in ROS production, as well 90 
as up-regulation of the transcript expression of antioxidant enzymes including glutathione 91 
peroxidase (gpx), catalase (cat – only for 250 μg Cu L-1), superoxide dismutase (Cu/Zn sod) 92 
and ascorbate peroxidase (apx) after day 7 (Buapet et al. 2019). 93 
Therefore, in this study we continued our investigation using whole transcriptomic analysis to 94 
further investigate how transcriptome of Z. muelleri altered under 250 μg Cu L-1 and 500 μg 95 
Cu L-1 after 7 days of Cu exposure and identify which genes were specifically expressed in 96 
response to this Cu stress. 97 
 98 
2. Materials and Methods 99 




































































Samples were collected at Pittwater, New South Wales, Australia (33°38´45.6´´S. 101 
151°17´12.8´´E) in July 2016 at the approximate depth of one meter. Whole vertical plants of 102 
Z. muelleri were collected and transferred to the aquarium facility at the University of 103 
Technology Sydney (UTS) within 2 – 3 hours of collection and in dark containers to avoid 104 
additional stress as previously described by Davey et al. (2017). 105 
Aquaria were prepared according to Buapet et al. (2019). Briefly, six aquaria (two tank 106 
replicates for control and two for each treatments) were established with conditions 107 
mimicking the natural environment at the sampling time, i.e. salinity of 30 ppt and 108 
temperature of 21°C and diel cycle of 12 hour light : 12 hour dark with maximum light 109 
intensity of 200 μmol photons m-2 s-1 at midday. One LED aquarium light (Cidley 250W), 110 
one submerged pump (Elite mini, Hagen, Canada) and one air stone were also equipped for 111 
each tank. The sediment for planting seagrasses was as a mixture of 50% washed sand and 112 
50% natural sediment (4 – 5 cm for each tank). Individual plants (30 – 40) were rinsed with 113 
artificial seawater (30 ppt) to remove epiphytes and transplanted randomly into each aquaria. 114 
 115 
2.2. Experimental design 116 
Plants were kept in 6 allocated aquaria to acclimatise to the closed-system conditions for 18 117 
days with daily monitoring of photosynthetic efficiency using Diving-PAM (Walz GmbH, 118 
Effeltrich, Germany) until stable effective quantum yield (ɸPSII) was measured (data not 119 
shown) as previously mentioned in Buapet et al. (2019). Afterwards, a stock solution of 120 
CuCl2 was prepared to make the final concentration of 250 μg Cu L-1 and 500 μg Cu L-1 and 121 
added to treatment tanks as a single dose at midday on day 0. Leaves of three biological 122 
replicates were harvested randomly from allocated tanks for each treatments on day 7 for 123 
RNA extraction. Collected leaves were rinsed with saline water, tap dried and were frozen in 124 





































































2.3. RNA extraction 127 
Frozen leaf tissue (80 – 100 mg) from each treatments (control, 250 and 500 μg Cu L-1) were 128 
ground into a fine powder using a pre-chilled pestle and mortar. RNA extraction was 129 
performed using an Ambion PureLink RNA Mini kit (Fisher Scientific) according to the 130 
manufacturer`s instructions. On-column DNA digestion was performed during RNA 131 
extraction using Ambion PureLink DNase set (Thermo Fisher Scientific). 132 
 133 
2.4. Library preparation and RNA sequencing 134 
Nine RNA samples (three for control and three for each treatments) were sent to the 135 
Ramacciotti Center for Genomics (University of New South Wales, Australia) for quality 136 
control and sequencing. Quality and quantity measurement were conducted using a 2100 137 
Bioanalyzer (Agilent Technology) with quality cutoff for RNA Integrity (RIN) numbers of        138 
> 6. Library preparation was performed using TruSeq mRNA standard total library 139 
preparation kit (Illumina) for sequencing of 380 million base-pair reads (42 million pair-end 140 
reads per sample) using a HiSeq2500 system from Illumina. 141 
 142 
2.5. Genome-guided transcriptome assembly and annotation 143 
The quality of raw reads were checked using FastQC software (version 0.11.05) (Andrews 144 
2017; Davey et al. 2017). Adaptors and low quality reads were trimmed using Trimmomatic 145 
(version 0.2.35) with the following settings: ILLUMINACLIP: TruSeq3-PE2.fa: 2:30:10; 146 
LEADING:14; TRAILING:14; SLIDING-WINDOW: 4:10; MINLEN: 90 (Bolger, Lohse & 147 
Usadel 2014; Davey et al. 2017). Trimmed reads were aligned to the reference genome using 148 
the STAR RNA aligner (version 2.5.2b) (Dobin et al. 2013). Functional annotations of 149 




































































counts were created using HTSeq (version 0.6.1) (Love, Anders & Huber 2014) and the 151 
counts were imported into the R package DESeq2 (version 3.7) for differential gene 152 
expression analysis (Anders, Pyl & Huber 2015; Love et al. 2015). Conditions of 250 and 500 153 
μg Cu L-1 were compared to the control and genes with corrected cut-off p-value of < 0.05 154 
were reported. Heatmaps were generated from z-scaled variance stabilized counts from 155 
DESeq2 using R package ComplexHeatMap. 156 
The genome of Z. muelleri is not completely annotated yet. Therefore, the FASTA file of 157 
significantly expressed genes in both 500 μg Cu L-1 and 250 μg Cu L-1 were submitted in 158 
Blast2Go (version 5.0.5) for gene identification based on the best hit in NCBI database 159 
(cutoff e-value of 1 × 10 -3) as well as for sister species, Z. marina. In case on multiple gene 160 
description, the common name between two searches were selected. GO distribution of 161 
expressed genes for both Cu treatments were exported for most induced biological process, 162 
molecular function and cellular process using Blast2Go data analysis. 163 
Lastly, the functional classification of correspondent proteins were reported using 164 
BlastKOALA (version 2.1) https://www.kegg.jp/blastkoala/. 165 
 166 
3. Results 167 
3.1. Transcriptome assembly and functional annotation 168 
Extracted RNA from control and treated samples generated an average of 22 million Illumina 169 
pair reads per sample. The quality check of raw reads (using FastQC package) gave an 170 
average quality score of 30 (1:1000 probability of incorrect base), which was sufficient for 171 
the further quantitative analysis of the transcriptome. After trimming low quality reads and 172 
adaptors using Trimmomatic, an average of 84.6% of the reads were mapped back to the 173 
reference genome unambiguously. The converted text files from HTSeq were used for 174 




































































the transcriptome expression of both 250 μg Cu L-1 and 500 μg Cu L-1 samples in comparison 176 
to the control (Figure 1). Among 39 and 96 differentially expressed genes in 250 μg Cu L-1 177 
and 500 μg Cu L-1, respectively (in comparison to control samples), 30 genes were in 178 
common to both treatments. Additionally, 6 genes were not identified in either BLAST 179 
search or in Z. muelleri (InterProScan database) for both treatments. For the remaining genes, 180 
a total of 76 genes were up-regulated and 29 genes were down-regulated in our Cu treatments 181 
(Table 1). The list of GO identification, their correspondent log 2 fold change as well as their 182 
DESeq2 results can be found in Appendix A-D. 183 
The list of genes in both Cu treatments were searched for GO distribution using BLAST2GO 184 
(version 5.2.5) (Figure 2). The most highly induced biological processes in response to Cu 185 
was metabolic processes which comprise a range of metabolite categories including organic 186 
substances, nitrogen compounds, macromolecules and proteins. At the molecular function 187 
level, 70% of the genes were identified in binding category including genes involved in 188 
binding of ions, organic compounds, cofactors, ribonucleotides and ATP. The most affected 189 
cellular component were membrane (27%) mostly as integral and intrinsic components of 190 
membrane.   191 
Lastly, the functional classification of correspondent proteins were investigated as a 192 
combined search for both treatments using BlastKOALA (Figure 3). Genetic information 193 
processing and biosynthesis of other secondary metabolites were the most affected pathways. 194 
 195 
3.2. Changes in the expression of genes in Z. muelleri in response to Cu stress 196 
Based on the results of functional classification of related proteins to our expressed genes, it 197 
is shown that genetic information processing and secondary metabolites biosynthesis were 198 
the most induced pathways in response to 250 μg Cu L-1 and 500 μg Cu L-1 and selected for 199 




































































defense mechanisms (enzymatic and chemical) were induced in response to Cu stress and 201 
therefore, genes linked to chloroplast function and defense mechanisms were also targeted for 202 
further investigation in this study. As a result, a total of 16 significantly expressed genes were 203 
selected for the study of toxicity response of Z. muelleri under elevated levels of Cu (Table 2 204 
and Figure 4). 205 
Surprisingly, no genes related to photosystem subunits were expressed significantly in 206 
chloroplast compared to control after 7 days of Cu stress. However, two genes related to 207 
chloroplast function were up-regulated; the first gene was chloroplast caseinolytic protease 208 
(Clp) subunit 4 which was upregulated (-3.82 log 2 fold change) in 500 μg Cu L-1 only. The 209 
second gene was Dna J which was also upregulated in both Cu treatments (-1.7 and -1.8 log2 210 
fold change in 250 and 500 μg Cu L-1, respectively). The second gene was the enzyme, 211 
ferredoxin nitrite reductase. The expression of ferredoxin nitrite reductase was significantly 212 
down-regulated in both Cu treatments with 4.26 and 5.95 log2 fold change in 250 and 500 μg 213 
Cu L-1, respectively. 214 
 Enzymatic defense mechanism (oxidative response) was shown to be affected after 7 days of 215 
Cu exposure in 500 μg Cu L-1 only. Peroxidases (P7-like, 12 and 5) were up-regulated with          216 
-2.62, -3.92 and -3.86 log 2 fold change, respectively. Glutathione s transferase (T1) was also 217 
up-regulated with -3.42 log 2 fold change.  218 
A mixed pattern was recorded in two genes encoding enzymes involved in chemical defense 219 
mechanisms in both Cu concentrations; Cytochrome P450 (89A2-like) was up-regulated with 220 
an average log 2 fold change of -2.26 in both Cu concentrations whereas Cytochrome P450 221 
(84 A1-like) was down-regulated with log 2 fold change of 1.93 at 500 μg Cu L-1 only. 222 
Proline dehydrogenase 2 was the second enzyme which also down-regulated with log 2 fold 223 




































































Lastly, we identified up-regulation of heavy metal-associated isoprenylated plant protein 3-225 
like (HIPP3) with an average of -1.6 log 2 fold change at 500 μg Cu L-1. 226 
 227 
4. Discussion 228 
Investigation of differential gene expression of Z. muelleri in response to increased levels of 229 
Cu illustrated sensitivity of this seagrass species to Cu as previously reported in the family of 230 
Zosteraceae (Lee et al. 2004; Lin et al. 2018, Buapet et al. 2019). As a result, two main Cu-231 
specific responses were observed in this study: 232 
4.1. Elevated Cu concentrations impacted the chloroplast function and regulatory stress 233 
responses with no significant effect on photosystem subunits 234 
There are previous reports showing that photosystem subunits especially PSII are sensitive to 235 
Cu stress in higher plants and seagrasses at the physiological level (Buapet et al. 2019; 236 
Cedeno-Maldonado, Swader & Heath 1972; Mohanty, Vass & Demeter 1989; Arellano et al. 237 
1995; Jegerschoeld et al. 1995; Ralph & Burchett 1998; Prange & Dennison 2000; Macinnis-238 
Ng & Ralph 2002a, 2004a; Dattolo et al. 2014). However, we did not find any statistical 239 
differences in the expression levels of any photosystem subunits in our results at the 240 
molecular level. Cu toxicity is reported to change the conformation and function of the 241 
photosystem over time (Yruela 2005). However, it seems like the significant damage will be 242 
mostly recorded at much higher Cu concentrations in short term studies. For example, Leng 243 
et al (2018) reported down-regulation of PSII subunits in grape vine leaves after 24 hours of 244 
Cu exposure at much higher concentrations of Cu (100 μM) than our experiment (3.9 and 7.8 245 
μM). Additionally, Lin et al. (2018) reported Cu-induced transcriptomes associated with 246 
photosynthesis pathways in Z. japonica after 7 days exposure to 50 μM of Cu. Therefore, 247 




































































Z. muelleri might need longer exposure time to manifest significantly at the molecular level 249 
when Cu concentrations are less than 10 μM. 250 
Although there were no significant damage recorded in photosystem subunits in our results, 251 
we investigated whether the repairing system of photosystem was activated in our Cu 252 
treatments. Previous studies have shown that phytohormones can have a direct or indirect role 253 
in regulating and repairing PSII under abiotic stress factors (Gururani, Venkatesh & Tran 254 
2015). For example, in higher plants, auxin is shown to increase the ability of energy trapping 255 
by PSII reaction centres under Cu stress (Ouzounidou & Ilias 2005). Jasmonic acid is another 256 
suggested phytohormone with repairing activity for PSII under Cu stress in higher plants 257 
(Maksymiec, Wojcik & Krupa 2007).We had one gene in our results identified as GH3 auxin-258 
responsive promoter/ jasmonic acid at 500 μg Cu L-1 and shown to be up-regulated. This 259 
result could indicate that the PSII was partially damaged and the repairing mechanism was 260 
activated at 500 μg Cu L-1.   261 
We also found two regulatory stress response genes in our results with concentration-262 
dependent responses; the first one was DnaJ which has previously reported to have role in 263 
tolerance to oxidative stress in plants (Chen et al 2010). We identified up-regulated 264 
chaperone protein dnaJ 8, chloroplastic-like at 500 μg Cu L-1  as well as dnaJ homolog 265 
subfamily B member 1 at 250 μg Cu L-1. The second gene was chloroplast caseinolytic 266 
protease (Clp) system (subunit 4) which plays a role in chloroplast homeostasis by regulating 267 
Cu transporter PAA2 in thylakoid  (Shen et al 2007). This gene was also up-regulated in our 268 
results at 500 μg Cu L-1 only. Tapken et al (2015) suggested that Clp chaperones are 269 
susceptible to increase level of Cu and degrade PAA2 activity in Arabidopsis which might to 270 
be the similar case in Z. muelleri as well. However, we did not find any significance result in 271 




































































Conversely, there was a strong down-regulation in Ferredoxin nitrite reductase observed in 273 
both Cu treatments. Ferredoxin nitrite reductase is shown to assist with chlorophyll 274 
biosynthesis by providing NH4+ for glutamate biosynthesis in chloroplast (Alipanah et al 275 
2015). The fact that this enzyme is down-regulated in both Cu treatments might indicate that 276 
a possible role of glutamate biosynthesis pathway in repairing chloroplast in response to Cu 277 
stress was not active or damaged in Z. muelleri after 7 days of exposure. 278 
4.2. Induced enzymatic and chemical defense mechanism in response to Cu stress 279 
ROS production via Haber-Weiss and Fenton reaction is the first stress response towards 280 
most of the common stress factors in plants (Hall 2002; Halliwell 2006). Activation of two 281 
enzymatic defense mechanism to quench over-expression of ROS seemed to be active after 7 282 
days of Cu exposure; Peroxidase (POX) and glutathione s transferase (GST).  Peroxidase is a 283 
key enzyme in terrestrial plants for scavenging over-produced ROS (Hiraga et al. 2001). 284 
Glutathione s transferase (GST) also has a protective function and is a carrier for 285 
photochemicals (Edwards, Dixon & Walbot 2000). Both enzymes were up-regulated in our 286 
results at 500 μg Cu L-1 only. Cu exposure was previously hypothesized to inhibit some 287 
antioxidant enzymes activity by binding to their sulfhydryl groups of proteins and alter their 288 
structure (Yruela 2009; Pena et al. 2012, Buapet et al. 2019). However, peroxidase and 289 
glutathione s transferase seemed to be unaffected by Cu in Z. muelleri. 290 
Secondary stress responses also play a significant role against the stress factors at later stages 291 
of toxicity (Jonak, Nakagami & Hirt 2004; Opdenakker et al. 2012; Jalmi et al. 2018). 292 
CytP450 is shown to have a role in detoxification of lead and cadmium in plant and fungi as 293 
suggested by Zhang et al. (2015). Our results indicated that CytP450 82 A2-like (and not 84 294 





































































Proline, is also shown to be involved in secondary defense mechanisms and protecting 297 
cellular components during stress (Rhodes & Hanson 1993; Ashraf & Foolad 2007). Proline 298 
dehydrogenase, which is involved in the transportation of proline to the mitochondria was 299 
down-regulated at 250 μg Cu L-1 only in our results. Proline accumulation was previously 300 
reported in detoxification of salt and drought stress by stabilizing sub-cellular structures and 301 
scavenging free radicals (Öztürk & Demir 2002; Hsu, Hsu & Kao 2003; Kishor et al. 2005). 302 
The mechanism is thought to be via breaking-down of proline inside mitochondria to induce 303 
oxidative phosphorylation and ATP production to recover the damage. In our results, proline 304 
dehydrogenase was down-regulated at 250 μg Cu L-1 only. Therefore, proline seemed not to 305 
be involved in recovering any mitochondrial damage under Cu treatments used in this study.  306 
Lastly, heavy metal-associated isoprenylated plant protein 3-like (HIPP3) which is previously 307 
reported to have a role in regulation of biotic and abiotic stress response (Zschiesche et al 308 
2015) was only shown to be significantly up-regulated at 500 μg Cu L-1. Therefore, it seems 309 
like HIPP3 could have a role in regulation of Cu stress in Z. muelleri in a concentration-310 
dependent manner. 311 
 312 
It is important to note that because we used individual plants for this experiment, it is 313 
possible that the plants’ condition might have been affected compared to natural conditions 314 
but the relative differences found between the plants exposed to the different treatments 315 
remain valid. Some of the gene regulations observed at the whole transcriptome level in this 316 
study were also observed using RT-qPCR in a study recently published (Buapet et al, 2019), 317 
further supporting our RNA-seq results. To summarise, our results showed that the 318 
concentration of Cu exposure seemed to play a critical role in Cu toxicity responses of Z. 319 
muelleri. Enzymatic defense mechanism (peroxidase and glutathione s transferase), chemical 320 




































































Our study provided a knowledge base for the development of specific biomarkers for Cu 322 
toxicity in the seagrass, Z. muelleri. However, future studies can enrich this data by 323 
investigating the limitations of this study. For example in a recent study, Buapet et al, 2019 324 
found that Cu bioaccumulation in leaves of Z. muelleri plants saturated after day 3. Therefore 325 
it is possible that our results could reflect a progressive reduction in seawater Cu availability 326 
due to removal by sediments and/ or experimental system itself. Additionally, investigation of 327 
Cu-contaminated seagrass tissue from contaminated sites as biologically relevant samples can 328 
enrich our close-system experiment dataset. Furthermore, investigation of multiple Cu 329 
exposure in order to retain the specific Cu concentration throughout the experiment could 330 
also be informative when compared to single dose of Cu addition in this study.  331 
 332 
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250 μg Cu L-1 23 12 
Uncharacterised 
(in both databases) 
4 0 
500 μg Cu L-1 68 25 
Uncharacterised 
(in both databases) 
3 0 
Total 98 37 
Common 22 8 
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